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Basic Power System

Electric Utility Shipboard1

1
Jayasinghe et al., “Review of Ship Microgrids: System Architectures, Storage Technologies and Power Quality Aspects,”

Inventions, vol. 2, no. 4, February 2017.
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Typical Shipboard Loads

Propulsion motor: induction, synchronous, permanent magnet, etc.

Future direction: high phase-count motor drives2

3 Lower per-phase current

3 Lower loss and cost

3 Higher reliability

Greater chance of completing mission

Why is this difficult?

7 Designs are not mature

7 Existing industry tools are
not sufficient

2
J. Jatskevich and M. Maksimcev, “Dynamic Modelling of 15-Phase 20 MW Baseline Induction Motor Drive for Electric

Ship Propulsion,” WSEAS Transactions on Systems, iss. 8, vol. 5, pp. 1785-1791, August 2006.
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Typical Shipboard Loads

Propulsion motor: induction, synchronous, permanent magnet, etc.

Heating and cooling: pumps, compressors, etc.

Pulsed equipment:
I Electromagnetic weapons, high energy detection systems, etc.

Main Challenges:

Large changes in short time

Wide range of time scales
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Typical Power Sources

Turbine-based technologies
I Steam turbine, diesel engine, gas turbine, combined cycle, etc.

Fuel source
I Coal, marine diesel oil, natural gas, nuclear, etc.

Future Directions: reduce environmental impact

Renewable resources: solar and wind

Energy storage systems: require less power

∼
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∼
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Taken Together
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Load Dynamics

Stability and Control

I Low level of rotational inertia
I Power quality (e.g., voltage dips, harmonics, etc.)

Operations and Energy Management

I Uncertainty in generation and loads
I Separation of time scales

Planning and Asset Management

I Heterogeneity in power generation and loads
I Power system architectures
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Effect of System Inertia on Frequency Dynamics3

5.1 Experiments with One-Area Power System Model

Due to the faster frequency dynamics, fault events,
i.e. power deviations, have a higher impact on power
systems during low rotational inertia situations than
usual (Ullah et al., 2008, Fig. 14). We illustrate this by an-
alyzing the dynamic response of the Continental European
area power system to fault events, including the stabilizing
effect of primary and secondary frequency control schemes.

An Aggregated Swing Equation (ASE), as introduced
in Eq. 5, is considered. Realistic system parameters as
identified from actual measurements of the interconnected
European system were taken from Weissbach and Wel-
fonder (2008). A typical summer load demand situation
is assumed, e.g. 230 GW (15 August 2012, 8-9am MEST),
and different values of the inertia constant H are consid-
ered. The design worst-case power fault event, an abrupt
loss of �P = 3000 MW, is applied to the power system.
Nominal primary and secondary frequency control schemes
are employed, i.e. primary frequency control reacts with
a maximum delay of 5 s and shall achieve full activation
after 30 s. This corresponds exactly to the control reserve
requirements as stated by ENTSO-E (2009). As shown
in Fig. 5, the design worst-case power fault event that
the continental European system should still be able to
sustain, can be absorbed successfully as expected during
a high inertia situation (Hagg = 6 s) (trajectory shown
in black). However, the same fault event becomes critical
during a low inertia situation (Hagg = 3 s) since the system
frequency drops below 49.5 Hz (trajectory shown in red)
before the nominal primary frequency control fully kicks
in (30 s after the fault). In this case the automatic shedding
of a combined PV&wind capacity well above 10 GW is, in
the current power system setup (year 2013), not merely a
theoretical but rather a likely possibility due to the cur-
rently existing grid code regulations regarding the fault-
ride through behavior of these units.

As can also be seen in this simulation example (shown
in green), one powerful mitigation option for low inertia
levels and faster frequency dynamics is the deployment
of a faster primary control scheme, e.g. fully activated
within 5 s after a fault. Notably Battery Energy Storage
Systems (BESS) are well-suited for providing a fast power
response as was shown in Kunisch et al. (1986), Oudalov
et al. (2007), Ulbig et al. (2010) and Borsche et al.
(2013). Another viable option is the provision of temporary
primary frequency control from (variable speed) wind
turbines (Ullah et al., 2008). Such a fast primary control
response can be thought of as an additional damping
term kprim. = 1

S for the power system as is illustrated
by Eq. (10). This effect, depending on its reaction time
and power ramping constraints, may provide a crucial
stabilization effect in the first seconds after a fault event
�P . This relationship is as follows

ẋ = Ax + Buu + Bdd , u := �Kx

ẋ = Ax + Bu (�Kx) + Bdd = (A � BuK) x + Bdd

�ḟ = A�f + Buuprim. + Bd�P , uprim. := � 1

S
, (9)

where the term u is the control input, i.e. uprim. = � 1
S

with S as the bias of the primary frequency control, d a

disturbance, i.e. a power fault event �P , and x = �f the
system state, i.e. the grid frequency deviation.

With A = f0

2HSB
· kload = f0

2HSB

1
Dl
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Note that due to the time-delay behavior of primary fre-
quency control, i.e. uprim.(t) = � 1

S �f(t � Tdelay) and
power ramp-rate limitations as shown in Fig. 6, the damp-
ing effect of the primary frequency control in reality turns
out to be a more complex time-variant term, i.e. kprim.(t).

The above swing dynamics (Eq. 10) clearly show that the
two principal design options for mitigating the impact of
power imbalance faults (�P ) on grid frequency distur-
bances (�f) are to either increase the rotational inertia
constant H and/or augment the frequency damping via
the provision of fast primary frequency control kprim.(t).
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Fig. 5. Dynamic response of the Continental European
area power system to faults (ENTSO-E, 2009).
Blue: high inertia (H = 6 s), i.e. no wind&PV power
in-feed share, nominal frequency control reserve.
Red: low inertia (H = 3 s), i.e. 50 % wind&PV power
in-feed share, nominal frequency control reserve.
Green: low inertia (H = 3 s), fast control reserves.

5.2 Experiments with a Two-Area Power System Model

Unlike to a One-Area system model, which is assumed
to represent highly meshed and thus highly coupled grid
areas, noticable swing dynamics are observable between
more loosely coupled grid areas. An illustration of this
is given in the following for a Two-Area power system
that shall represent again the continental European power
system. The two grid areas are equal in size, their sum
being equivalent to the actual system size of the continen-
tal European system. We have tried to model the system
as realistically as possible, again using the parameters
identified in Weissbach and Welfonder (2008) as well as
by incorporating primary and secondary frequency control
schemes as illustrated for a generalized, nonlinear multi-
area power system in Fig. 6. Furthermore, realistic delay,
power ramping and saturation blocks are included.

19th IFAC World Congress
Cape Town, South Africa. August 24-29, 2014

7295

High inertia (H = 6 s), i.e., no wind & PV; nominal frequency control
reserves

Low inertia (H = 3 s), i.e., 50% wind & PV; nominal frequency control
reserves

Low inertia (H = 3 s), i.e., 50% wind & PV; fast control reserves

3
A. Ulbig, T. S. Borsche, and G. Andersson, “Impact of low rotational inertia on power system stability and operation,”

IFAC Proceedings, 2014.
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Advanced Control Example4

Power-electronic converter controller emulates synchronous generator

∼
−

∼
−

P1(t)

P2(t) P4(t)

P3(t)

1 Abstract away internal dynamics

2 Embed generator model into controller

4
S. Dong and Y. C. Chen, “Adjusting synchronverter dynamic response speed via damping correction loop,” IEEE

Transactions on Energy Conversion, vol. 32, no. 2, pp. 608-619, June 2017.
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Advanced Control Example4

Power-electronic converter controller emulates synchronous generator

P1(t)

P2(t) P4(t)

P3(t)

Main idea:

1 Abstract away internal dynamics

2 Embed generator model into controller

Why is this a good option?

3 Regulates power output

3 Provides frequency support

3 Ensures system stability

4
S. Dong and Y. C. Chen, “Adjusting synchronverter dynamic response speed via damping correction loop,” IEEE

Transactions on Energy Conversion, vol. 32, no. 2, pp. 608-619, June 2017.
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Taken Together
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Power Quality Issues—Halifax-class Frigates5

Many new nonlinear rectifier loads
I Motor drives, converter loads, etc.

High-frequency electronic loads
I Example: connection to helicopter

Why is this a problem?

7 Complex interactions

7 Possible incompatibilities

7 Leads to harmonics and
poor power quality

5
J. Jatskevich and S. Ebrahimi, “Halifax Class Power Distribution Harmonic Study—Report and Simulation Results,”

Report to Department of National Defence (DND), Canada, Quality Engineering Test Establishment, April 2018.
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Taken Together
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I Wide range of time scales
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I Power system architectures
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The Reachability Problem

Determine effect of uncertain loads on grid performance6

Variable Loads Shipboard Electric Grid Voltages, Cable flows, etc.

Why is this useful?

3 Guaranteed worst-case deviations of
system states for bounded inputs

3 Amenable to computer simulation

3 Computationally tractable
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6
X. Jiang, Y. C. Chen, and A. D. Doḿınguez-Garćıa, “A set-theoretic framework to assess the impact of variable

generation on the power flow,” IEEE Transactions on Power Systems, vol. 28, no. 2, pp. 855-867, May 2013.
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The Inverse Problem

Determine feasible loads subject to operational constraints7

Allowable Loads Shipboard Electric Grid Voltages, Cable flows, etc.

gk

gℓ

eℓ

ek

W

Why is this difficult?

7 Nonlinear system

7 No closed-form solutions

7 Linearization at the expense of
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Exact Solution

7
A. Al-Digs, S. V. Dhople, and Y. C. Chen, “Estimating feasible nodal power injections in distribution networks,” in

Proc. of IEEE PES Innovative Smart Grid Technologies Conference, Minneapolis, MN, September 2016.
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Taken Together
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Control

Stability and Control
I Low level of rotational inertia
I Power quality (e.g., voltage dips, harmonics, etc.)

Operations and Energy Management
I Wide range of time scales
I Uncertainty in loads

Planning and Asset Management
I Interdependencies, reliability, and resilience
I Shipboard architectures (e.g., AC vs. DC, radial vs. zonal, etc.)
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Futuristic Example–Zumwalt-class Destroyer

Integrated power system8

DC zonal electric distribution system

Greater efficiency, reconfigurability, and
survivability

Modelling, simulation, and analysis are absolutely necessary!

8
C. E. Lucas, E. A. Walters, J. Jatskevich, “Distributed Heterogeneous Simulation of Naval Integrated Power System,”

American Society of Naval Engineers, Electric Machine Technology Symposium, Philadelphia, PA, January, 2004.
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Electric Power and Energy Systems Group at UBC

3 World-renowned in modelling, simulation, and analysis of power
systems, power-electronic devices, and electric machines

3 Expertise directly applicable to shipboard power systems

1 Design future Canadian ships
I Development, prototype, and verification of models and algorithms
3 Fine-tune critical design decisions prior to real-world implementation

2 Retrofit and modernize existing ships
I Verification in simulation test bed prior to hardware realization
3 Avoid potentially lengthy and costly delays

3 Train next-generation marine engineers
I Partner with marine industry so students obtain real-world experience
3 Prepare engineers to fulfill Canadian naval architecture needs
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